Highly polar and ionic metabolites, such as sugars, most amino acids, organic acids or nucleotides are not retained by conventional reversed-phase LC columns and polar stationary phases and hydrophilic-interaction LC lacks of robustness, which is still limiting their applications for untargeted metabolomics where reproducibility is a must. Biological samples such as blood, urine or even tissues include many hydrophilic compounds secreted from cells, their analysis is essential for biomarker discovery, disease progression or treatment effects. This review focuses on CE coupled to MS as a mature technique for untargeted metabolomics including sample pretreatment, types of matrices, analytical methods, applications and data treatment strategies for polar compound analysis in biological matrices. The main applications and results of CE-MS in untargeted metabolomics are discussed and presented in a tabulated format.
The metabolome has been defined as "the qualitative and quantitative collection of all low molecular weight molecules (metabolites) present in a cell that are participants in general metabolic reactions and that are required for the maintenance, growth and normal function of a cell" [1] . Metabolites include a broad range of compounds with a variety in chemical (molecular weight, polarity, solubility) and physical (volatility, charge) properties. Thus, with all metabolites as a goal in metabolomics and biological samples containing those metabolites very diverse, the instrumental techniques seem to be the limiting factor, being increasingly recognized that a multiplatform approach is nowadays the best possible solution.
The separation technique coupled with the mass spectrometer determines the type of samples that can be introduced and compounds that will be analyzed and detected. For that reason, CE, a technique very tolerant of complex sample matrices and oriented to polar and ionic compounds provides a complementary tool in metabolomics to improve metabolite coverage of those compounds that are usually more problematic in LC coupled to MS (amino acids, amines, peptides, acylcarnitines, nucleosides, organic acids…) and is especially well suited for samples with high saline content such as cell culture media.
CE has been considered a new arrival among metabolomics tools for a long time and the idea is getting outdated. CE is a technique that has not succeeded to be routinely used in analytical laboratories due to some drawbacks, but with a really high analytical value for those who achieve skills and knowledge working on it.
Capillary zone electrophoresis (CZE), the most common mode of CE when coupled to MS, separates first on the basis of an analyte's charge-to-size ratio (CZE) and then on the basis of its mass-to-charge ratio (m/z) and therefore it provides an alternative selectivity to LC that can be of interest for broader Capillary electrophoresis mass spectrometry as a tool for untargeted metabolomics Antonia García 1 future science group Review García, Godzien, Lopez-Gonzalves & Barbas metabolite coverage. Two forces lead the separation: electroosmotic flow (EOF) is the fundamental process in CE. EOF is a direct consequence of the surface charge on the wall of the uncoated fused-silica capillary that gets a negative charge and the counter-ions and their associated solvating water molecules migrate toward the cathode. The movement of ions and their associated water molecules results in a flow of the solution toward the detector and positive or negative and neutral compounds are pulled through the capillary in the same direction. Electrophoretic mobility (EM) is an additional force that appears only in charged compounds and produces their displacement towards the electrode with opposite charge. EM of an analyte is directly proportional to its effective charge and inversely proportional to its solvation radius. This force is added or subtracted from EOF depending on its sign. Under certain circumstances (analysis of small anions) the current should be reversed so that anions can migrate toward the positive end (anode) and the inner surface of the capillary can be coated with polymers, surfactants or small molecules to reduce electroosmosis to very low levels, or even reverse it [2] .
ESI is currently the most commonly used atmospheric pressure interfacing system for coupling CE technique to MS [3] . It allows stable ion formation in the nl/min to ml/min range, however in order to maintain a stable flow independent of droplets formation there are two concepts for ESI interfaces in CE-MS: with sheath liquid (S-L) sheathless interface. Achieving stable electrospray operation with a liquid added is often a balancing of multiple parameters such as capillary position, sheath liquid flow rate and composition, gas sheath flow rate and ESI conditions [4] and in addition S-L substantially dilutes the CE eluent with the corresponding decrease in sensitivity. However despite of the numerous developments of sheathless interfaces [5] [6] [7] [8] [9] [10] with proved higher sensitivity, robustness is still compromised and that is a weak point in metabolomics, which can be the reason to explain why there are no untargeted studies published with these tools.
CE-MS has gone through a series of steps from instrumentation development to method development and back and now it seems that it has reached a kind of steady state with minor novelties. To be considered in metabolomics we will point out the discovery of the significant effect of the material of the spray needle on the measurement of anions by Soga's group [11] who selected platinum as the most appropriate material. Another interesting development reported by BritzMcKibbin and coworkers [12] was multiple sample injections in the same capillary to increase throughput by at least an order of magnitude termed as multiple segment CE MS. CE has some important advantages compared with other instrumental techniques employed for biological sample phenotyping: low sample volume requirement, which is especially suitable when studying biological fluids from small experimental animals or children through different analytical platforms. These advantages are: minor sample treatment, because capillaries are emptied after each run and apparently no irreversible retention is produced, the treatment is just enough to avoid capillary blockage. Capability to separate compounds in aqueous media, which is complementary to reversed phase HPLC. Ability of contributing with complementary information to mass due to the migration of analytes based on charge to size ratio. High efficiency, which translates into improved resolution. And finally, multiple modes can be applied on the same sample, which improves metabolite coverage.
The main drawbacks of CE are: robustness is a weak point; that means in practice shifts in migration time (MT), which complicate serial analysis. Sensitivity, because the volume of sample injected is in the nanoliters range. And finally, most commercially available MS interfaces require a sheath liquid, which dilutes the analyte bands.
Recently, CE-MS and HILIC-MS methods were compared by Kok et al. [13] in terms of the main analytical parameters (reproducibility, sensitivity, selectivity and metabolite coverage) when measuring anions in urine. In general, precision in peak areas was similar while HILIC-MS produced lower RSDs for retention-time and up to 80-times lower detection limits for selected metabolites as compared with CE-MS. When analyzing rat urine by HILIC-MS, 1360 molecular features were obtained compared with 347 revealed with CE-MS. However, it is important to point out that of these, 203 molecular features were found exclusively in CE-MS, which gives an idea of its selectivity.
Our group has included CE-MS among the techniques for a metabolomics multiplatform approach [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] together with LC-MS and GC-MS to avoid some of these problems of HILIC in many different examples that will be presented. We also discuss strategies for sample pretreatment, analyte separation and detection, data processing and peak identification, which are important processes in metabolome analysis. In addition, we will highlight results from some specific experiments.
Although other reviews about this topic have already described technical developments [25] [26] [27] [28] [29] [30] [31] [32] , some applications and important remarks, the aim of this review is summarizing the state-of-the-art of CE coupled to MS applied to biological sample untargeted analysis. Capillary electrophoresis MS as a tool for untargeted metabolomics Review
Sample selection & treatment
As previously mentioned, among the interesting strengths of CE there are its low sample consumption, only nanoliters, and its capability to analyze complex samples with relatively simple pretreatment. Many examples of CE-MS based metabolomic approaches are available in the literature as depicted in Figure 1 , to study metabolites in different biological samples with special protocols focused on extraction of polar and ionizable compounds. As the migration time reproducibility is lower with CE-MS than with other MS-chromatographic couplings, the use of one or several internal standards is a common approach [33] [34] [35] [36] [37] [38] .
Urine
Urine and blood serum or plasma are the most commonly used biofluids (Table 1 & Figure 2 ) for metabolomics-based studies [39] . Compared with other biofluids, the analysis of urine provides certain obvious advantages: the relatively low concentrations of proteins and high concentrations of low molecular weight compounds minimize sample preparation, and its collection is minimally invasive, so the sample treatment for most of CE-MS methods is very simple, only dilution and filtration or centrifugation. Different dilution ratios have been described from 1/2 [27, 40] to 1/10 [41] , in addition Zeng describes centrifugal filtration through a 5-kDa cut-off filter to remove proteins [42] . However, the variability in concentration requires the use of different types of normalization.
Plasma & serum
Blood maintains a normal homeostasis in the human body by constant regulatory mechanisms and hence metabolic profiling of serum/plasma provides a global view of the instantaneous metabolic status (Table 1 & Figure 3 ) [39] . As plasma and serum contain considerable levels of proteins, deproteinization is necessary to remove their analytical interference. Hirayama recently carried out a comparison between the use of plasma or serum for CE-MS [43] and concluded as overall, that interindividual differences in profiles were larger than intra-individual differences, and L3 6 groups: water-occasion A Ao (n = 6), water and paracetamol-occasion A A1 (n = 6), water-occasion B Bo (n = 6), water and paracetamol-occasion B B1 (n = 6), water-occasion C Co (n = 6) and water and paracetamoloccasion C C1 (n = 6) (n = 6), methamphetamine injection MA96-96-h urine collection (n = 6), saline injection-24-h urine collection SAL24 (n = 6) and saline injection-96-h urine collection SAL96 (n = 6) For conditions, see [18] . future science group Review García, Godzien, Lopez-Gonzalves & Barbas profiles in plasma showed better stability than those in serum. Soga's group optimized a strategy to purify and extract metabolites from plasma or serum samples based on plasma:methanol:water:chloroform in a (1:9:2:10) ratio, followed by centrifugal filtration through a 5-kDa cut-off, evaporation and resuspension in the same volume [38, [44] [45] [46] [47] [48] [49] [50] or half volume [51] of purified water. Since 2006 [52] they are using this protocol for their global approach with CE-MS as a routine method.
Other simpler protocols include dilution and centrifugal filtration through a 3-kDa cut-off [53] or 30-kDa [24, 34, 35, [54] [55] [56] [57] . Shyti et al. [58] used cold ethanol (1:3), centrifugation to remove proteins, evaporation and resuspension in the same volume of a volatile buffer.
Tissues
Currently metabolic studies of intact tissue or its extracts are gaining relevance for biomarker detection because they are anticipated to be more highly concentrated in the pathological source, mainly for diseases such as cancer.
Nontargeted metabolomic studies based on CE-MS have been described with specimen of cancer tumors from biopsies of adipose tissue, colon, lung, liver, aorta, myocardium, prostate, stomach, along with glioblastoma cells, etc. in rodents and humans (Table 1 & Figure 1 ). Brain tissues have also been studied, including: left caudal male mouse hippocampus, prefrontal cortex and thalamus, among others. An example of the CE-MS profile of brain tissue extract is shown in Homogenization and metabolite extraction are two common sample pretreatments for tissue samples and both must be done at low temperatures to avoid sample degradation and metabolite conversion. Soga's group include different homogenization and extraction steps with addition of chilled methanol:water:chloroform in (5:2:5) ratio, mixing, centrifuging and centrifugal filtration through a 5-kDa cut-off filter. The last step includes lyophilization, filtration and dissolution in the same volume of ultrapure water. That has been applied to stomach, colon and liver samples [36, 45, 59, 60] . Other strategies include homogenization with organic solvent/water mixtures and centrifugation [24, 58, 61, 62] . For complete cell disruption of hard tissues, a cell disrupter can be a useful tool [47, 56, 60, 63, 64] . It is recommended to check the process performance with a microscope. [54] in Table 1 . [35] in Table 1 . Capillary electrophoresis MS as a tool for untargeted metabolomics Review For conditions, see [21] in Table 1 . Cerebrospinal fluid (CSF) is a well-suited sample to investigate CNS disorders since its composition is directly related to metabolite production in the brain. The sample pretreatment for CSF samples is very simple; it could be only centrifugal filtration through a 3-kDa filter as described by Ibañez [65] . Breast milk (BM) is a very complex biofluid. Moreover the analysis of BM composition is complicated by many factors, including the presence of large macromolecules and its micellar ultrastructure. For human BM homogenization and extraction steps include addition of chilled methanol/chloroform/ water, dryness and resuspension in half volume of formic buffer [66] .
Aqueous humor (AH) is a transparent fluid found in the anterior and posterior chamber of the eye. The low sample volume consumption characteristic for CE results a great value when working with AH with a limited volume ( Figure 5 ). Saliva is an apparently easy to get and informative biofluid, not without certain sampling problems, making it a good choice for the early detection of a range of diseases both infectious and noninfectious and, very important, cancers. The simplest treatment among these samples, only dilution and centrifugation, corresponds to AH [21] and saliva samples [67] , although some authors mix it with methanol and centrifuge with a 5-kDa cut-off filter [57] .
Cells, bacteria & parasites
Several CE-MS based metabolomic studies are described on different type of cells (Figure 1 ) including: neurons [62] , colonic luminal [68] , hepatocytes and hepatocellular carcinoma (HCC) cells [69] , mouse macrophage-like cells [70] , human breast mammary gland adenocarcinoma (MCF7) and human colon colorectal adenocarcinoma (HT29) cells [71, 72] , mouse and human stem cells [55] , astrocytoma cell lines [73] , erythrocytes [74, 75] , osteosarcoma (OS) and fibroblasts [76] . Moreover there are studies about gut bacteria [17] , Bacillus subtilis [37, 77] , Escherichia coli [78] .
Regarding parasites, Leishmania infantum [79] , Leishmania braziliensis cutaneous [19] Leishmania donovani [14] , Leishmania amazonensis [80] and Entamoeba invadens [81] have been studied with CE-MS based metabolomics ( Figure 6) .
With cell or parasites, it is recommended to work with pellets with the same number of cells or parasites, often >10 6 . Homogenization and extraction steps are described in several protocols with addition [80] in Table 1 . Capillary electrophoresis MS as a tool for untargeted metabolomics Review of methanol:chloroform:water (1:1:∼0.4), followed by filtration of the polar layer through a 5-kDa cut-off filter, evaporation and resuspension [37, [69] [70] [71] 74, 77] . Not all these steps are always applied, for example chloroform was not added with OS and fibroflast cells [76] and cut-off filtration was not included with astrocytoma cells along with higher proportion of chloroform and water [73] . The bottleneck of this process is the long centrifugation time, reaching 180 min [76] to avoid that, Rojo et al. have described a method that includes deproteinization with cold acetonitrile, centrifugation for 10 min, evaporation and resuspension in diluted formic acid [15, 16, 82] .
Other methods only include mixing with binary mixtures: methanol:water or methanol:acetic/formic [83] aqueous solution (80:20 up to 50:50), evaporation and resuspension [23, 55, 78, 83] . Oashi [84] published a very good description of how to optimize an extraction protocol for very polar metabolites in cells. In addition, freeze-thaw cycles with liquid nitrogen facilitate cell disruption [55, 80] as well as the use of T issueLyser with glass beads [19, 79] or Polytron homogenizer [63] .
Mastrangelo et al. studied the metabolic fingerprint (metabolites within the cells) and footprint (metabolites secreted in the culture medium) from humans and mice [55] . They described similar protocols with addition of methanol, evaporation and resuspension in formic buffer with internal standard [55] .
Methods & separation conditions
Background electrolytes (BGEs) compatible with CE-MS must be volatile and with low ion strength to avoid ion suppression. Independently of the type of sample to be analyzed (plasma, urine, tissue, etc.), two general methods are applied for metabolic profiling or metabolic fingerprinting of metabolites, one for cations and another for anions, so that combining them, a global metabolite picture could be obtained. Along with those, a third method for nucleotides opens tremendous possibilities of detection of several hundred metabolites in the same sample.
The most common method for cationic metabolites, comprises low-pH BGE (normally 1 M formic acid, pH 1.8 alone or with a small amount (≤10%) of methanol or acetonitrile) with a bare fused-silica capillary, normal polarity and positive MS detection [14] [15] [16] [18] [19] [20] [21] [22] [23] [24] 34, 35, 41, [53] [54] [55] [56] 62, 63, 66, 67, 79, 80, 82, 83, [85] [86] [87] [88] [89] [90] [91] . Some protocols include noncovalently coated capillaries with a bilayer of polybrene (PB) and poly(vinyl sulfonate) with low-pH buffers [27, 28, 32] or with neutral coating of poly(vinyl alcohol) [65] and positive ionization.
future science group Review García, Godzien, Lopez-Gonzalves & Barbas Besides, anionic metabolites can be analyzed with two approaches: the most comprehensive one uses a high-pH BGE (commonly 50 mM ammonium acetate, pH 8.5), a reverse EOF with a cationic polymercoated capillary, reversed polarity and negative MS ionization. Since 2002 [77] the separation conditions applied in Soga's group have been the same in general terms, the former positive capillary used was (SMILE [+]) [36, 37, 44, 47, 48, 52, 57, 59, 60, 68, 69, 71, 74, 75, 77, [92] [93] [94] and this was replaced later by (COSMO [+]) [11, 38, 45, 46, [49] [50] [51] 64, 70, 75, 81, 95, 96] a more robust one. Some authors use other types of cationic capillaries along with reverse polarity and negative MS detection for anions, such as cationic polymer PolyE-323 [78, 97] or FunCap-CE type S [98] .
The second approach for anionic metabolites consists of using a bare silica capillary with normal polarity and negative MS ionization with a high-pH BGE [40, 42, 73, 99, 100] or with a low-pH BGE [72] . According to our and others experience, organic amines as additives of the BGE can contaminate the MS system and should be avoided. Very few protocols are described with bare fused silica and acidic buffer for both positive and negative ionization [61] , because at low-pH, EOF is suppressed and anions will not be eluted in the analysis time.
In some protocols, the same CE conditions with a bare silica capillary were used for both anions and cations with a basic ammonia-acetate buffer with positive and negative MS ionization [101] . In a sheathless configuration, acidic acetate buffer with reversed polarity and low pressure applied was described with negative MS ionization [102] . While in another work [103] described for the analysis of organic acids, the capillary was flushed with hexadimethrine bromide solution for 10 min to form a coating before it was equilibrated with ammonium-acetate buffer. Some authors [102] have described how the polyimide from the outer coatings of fused-silica capillaries by the use of alkaline ammonia-based buffers results in frequent capillary fractures and poor long-term performance.
Commercial and patented buffers are used in combination with bare silica capillaries for normal and reversed polarities and positive and negative MS ionization [76, 104] .
One of the first methods published regarding the analysis of nucleotides and coenzyme A compounds in cells by CE-MS was by Soga in 2003 [37] . The method uses a poly-(dimethylsiloxane) (DB-1) GC capillary and 50 mM ammonium acetate, pH 7.5 as BGE. Currently even after more than 10 years, the method is still ongoing with human erythrocytes, cancer cells, etc. [71, 74] . GC capillary columns internal diameter should be close to 50 μm to avoid heating of the internal solution due to Joule effect. (Table 1) .
CE-MS configurations CE-ESI-MS-TOF is by far the most common instrumental configuration for nontarget metabolomics of biological samples

Interfaces
ESI is the ionization source of choice for CE-MS nontarget metabolomics and the most universal according to the reviewed literature. As the optimum flow for ESI is in the range of microliters and the flow from the capillary in around nanoliters an auxiliary flow (S-L) is used.
The S-L conditions: pH, buffer, solvent composition and flow must be optimized for the analytes to be studied [105] . Typical composition includes an organic solvent such as isopropanol or methanol >50% (v/v) at nominal flow of 1-10 μl/min. As the role of the S-L is improving response performance, pH and ionic strength must be adequate, and it usually occurs that BGE and S-L contain the same buffer but with lower concentration. Therefore if BGE is based on low-pH formic acid for cationic metabolites, the buffer could consist of only a binary mixture of water/organic solvent [36, 68] or binary mixture with the same buffer added to the S-L [15, 16, 18, 20, 24, 28, 41, 56, 81, 85, 86, 89, 106] , and whenever the BGE is composed of a high-pH buffer for analyzing anionic compounds, the same buffer is added to the S-L [36, 40, 74, 75, 77, 81] .
Ullsten et al. in 2006 used a platinum ESI spray needle for methods with reversed CE polarity for global fingerprinting of urine samples [97] and in addition Soga et al. in 2009 [11] demonstrated the process of iron oxidation that occurs whenever positive potential is applied to the stainless steel needle and precipitation of iron oxides due to electrolysis and therefore decreased sensitivity. Since that time, many protocols with reversed polarity have used the platinum needle [36, 38, [44] [45] [46] [47] [48] [49] [50] [51] 57, [59] [60] [61] 64, [67] [68] [69] 71, 75, 92, 93, 95, 96, 100] .
Other configurations include porous tip sheathless interfaces that involve lower dilution of the analyte. Several applications of this system have been described for profile characterization of biological samples, urine, plasma, etc., more than for nontarget metabolomics [58, 79, 102] . Despite the increase in sensitivity, robustness is compromised.
Recently, on-line C18-SPE-CE-MS has been proposed as an alternative sensitive method for metabolomic studies of plasma samples [90] . In this approach, each series of replicate analyses was performed in a new SPE-CE-MS capillary due to the limited durability (∼10 analyses) of the SPE microcartridges filled with C18 Sep-pak (Waters, MA, USA) because of the complexity of the plasma matrix and the limited selectivity of the C18 sorbent.
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The TOF analyzer is by far the most extended. It displays very fast acquisition rates which are necessary to statistically sample the narrow CZE peaks [12] and offers high mass accuracy of the analyte to make easier metabolite identification.
Other MS analyzers have also being used since the former times of CE-MS based nontargeted metabolomics but with unit mass resolution is Quadrupole (Q) [37, 74, 77, 103] and, also minor applications with Ion Trap [85, 106] . Studies including structural elucidation based on CE-MS/MS are uncommon, typical configurations includes QTOF [61, 62, 83, 94] and hybrid triple quadruple-linear ion-trap mass spectrometer QTRAP [98] . CE-ESI-QTOF-MS allowed Soga's group to identify ophthalmate as a stress biomarker in 2006 [52] and since then, this reference has been cited more than 400-times. [20, 44, 76, 85, 106] ; degrees of severity of the disease [18, 21] ; metabolites excreted in urine after administration of a pharmaceutical active [97] ; or serum and hepatic metabolic changes following acetaminophen treatment [52] .
Applications
CE-MS enables a comprehensive analysis of ionic metabolites while comparing disease versus health conditions
With the aim of getting a global profile, Harada et al. [95] obtained 290 signals (131 for cations and 159 for anions) in plasma; 154 of them were identified with standards, although they could routinely measure absolute concentrations of 115 metabolites (63 cations and 52 anions).
In this section, the most relevant findings are described grouped according to the pathology:
Diabetes & insulin resistance
Diamon [44] studied metabolites in serum from Japanese male people with Type I diabetes, impaired glucose tolerance and control and they concluded that serum glycerophosphate level in fasting condition can be a predictor of glucose intolerance. Barbas´ group has developed several studies related to diabetes. Ciborowski [54] analyzed 197 serum samples to evaluate whether changes in polar metabolites induced by T2DM evolution are different between normal weight, overweight and obese (OB) individuals and they found branched chain amino acids in overweight and normal weight, lysine in OB and acetylcarnitine and methionine independently on BMI as potential classifiers. Balderas [20] studied urine samples from children with Type I diabetes by a multiplatform approach. They found catabolism of amino acids altered in diabetes along with increased levels of their metabolites.
Dudzik et al. [22] analyzed urine samples of 20 women with gestational diabetes mellitus and 20 with normal glucose tolerance in the second trimester of pregnancy and they found carnitine decreased in gestational diabetes mellitus group along with histidine, glutamine, phenylalanine, tryptophan and cystine increased with respect to the control group. Mastrangelo [23] performed a metabolic fingerprinting approach with OB children. They analyzed serum from 60 prepubertal OB children finding 17 amino acids altered in insulin resistance children.
Hirayama et al. [45] compared the metabolic profile of serum of 78 patients in three successive stages of diabetic nephropathy. They found creatinine, aspartic acid, γ-butyrobetaine, citrulline, symmetric dimethylarginine, kynurenine, azelaic acid and galactaric acid statistically significant. Moreover significant correlations between all these metabolites and urinary albumin-to-creatinine ratios (p < 0.009, Spearman's rank test) were observed.
Regarding animal studies in Barbas´ group, Godzien et al. [41] compared urine from diabetic and control rats after administration of either rosemary extract or vehicle. More than 60 metabolites showed statistically significant changes. These findings showed that a short term nutraceutical treatment was able to reduce some of the complications in the streptozotocininduced diabetic rats. A parallel study was performed with cystoseira extract by Moraes et al. [87] and fructoselysine was found significantly decreased after the treatment along with differences in more than 15 putatively identified metabolites. Gonzalez-Peña [35] carried out a study with plasma to evaluate the impact of hypercholesterolemic diet on the metabolome of male Wistar rats and they found both glucogenic and ketogenic amino acids increased with that diet, along with asymmetricdimethyl-arginine, kynurenine and ornithine changes.
Kidney diseases
Kimura et al. [46] performed a metabolic profiling of end-stage kidney disease in chronic kidney disease (CKD) with plasma from a prospective cohort with 112 participants. As the main finding, 16 prognostic metabolites were statistically significant in CKD patients and the levels of 73 out of 129 metabolites were significantly correlated with estimated glomerular filtration ratio. The levels of some metabolites showed good predictive values specifically in the presence or absence of diabetes (Table 1) , and with the levels of some of them showing predictive values regardless of the presence or the absence of diabetes. The authors suggest that the measurement of these metabolites may facilitate CKD management by predicting the risk of progression to end-stage kidney disease.
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Neurodegenerative diseases & brain disorders
Migraine is a common brain disorder characterized by recurrent attacks of severe headaches and other neurological symptoms. Shyti et al. [58] carried out a metabolomic study with plasma from transgenic migraine and wild-type mice after induction of cortical spreading depression. They found lysine and pipecolic acid significantly altered, suggesting a compensatory increase in GABAergic neurotransmission upon enhanced excitatory neurotransmission.
Alzheimer's disease (AD) is the most prevalent form of dementia nowadays, with estimated worldwide number of AD cases over 100 million by 2050 [107] . The diagnosis of AD in its early stage is still challenging. Ibañez et al. [65] examined metabolic differences in CSF samples from subjects with different cognitive status related to AD progression. Choline, dimethylarginine, arginine, valine, proline, serine, histidine, creatine, carnitine and suberylglycine were identified as possible disease progression biomarkers.
In another study Gonzalez-Dominguez et al. [34] carried out a metabolic study of AD with human sera for unveiling markers of the progression of the disease. As a result of this, eight compounds were found statistically different, choline, creatinine, asymmetricdimethyl-arginine, homocysteine-cysteine disulfide and different medium chain acylcarnitines were increased with the severity of the disease. Moreover dipeptide phenylalanyl-phenylalanine was upregulated in both mild and severe disease.
Tsuruoka et al. [57] compared profiles of serum and saliva from patients with neurodegenerative disorders (including AD) and controls. Six metabolites in serum (alanine, creatinine, hydroxyproline, glutamine, isocitrate and cytidine) and two in saliva (arginine and tyrosine) were significantly different between dementia and controls. Forty-five metabolites in total were identified as candidate markers that could discriminate at least one pair of diagnostic groups from the healthy control group. They proposed these metabolites to possibly provide an objective method for diagnosing dementia-type by multiphase screening.
Bipolar disorder (BD) is a chronic mental illness characterized by recurrent episodes of depression, mania and hypomania but still not well known. Yoshimi et al. [94] performed a metabolomic study about BP with serum from 54 male BD patients and 39 male healthy controls. They found pyruvate, N-acetylglutamic acid, α-ketoglutarate and arginine significantly higher in BD and β-alanine, and serine significantly lower. These findings obtained after the CE-MS study suggests that abnormalities in the citric acid cycle, urea cycle and amino acid metabolism play a role in the pathogenesis of BD.
Cancer Human urothelial bladder cancer
Alberice et al. [18] performed a metabolomic study with urine from 48 patients classified according to whether or not they suffered a tumor recurrence as well as their risk group according to tumor grade and stage. Fourteen identified metabolites showed statistically significant changes between groups of patients: betaine, leucine, hypoxanthine, histidine, phenylalanine, uric acid, 1-methylhistidine, N,N-dimethyllysine, tyrosine, N,N,N-trimethyllysine, acetylcarnitine, carnosine, cystine and 6-keto-decanoyl carnitine. The results are also consistent with previous observations that show that an amino acid rich metabolome is an essential hall-mark of bladder tumor development [108] .
Osteosarcoma
Chano et al. [76] carried out a study with OS and normal fibroblasts for unveiling the glycolytic-based metabolism of cancer. With positive and negative MS ionization modes, 243 metabolites were detected and 14 metabolites were found significantly altered in cancer cells, most of them were associated with reduced glycolysis and amino acid catabolism.
Colorectal cancer, gastric cancer & stomach cancer
Chen et al. [106] after a metabolomic study with human urine from 20 colorectal cancer (CRC) patients split into four stages found five metabolites significantly upregulated and seven were remarkably downregulated in CRC versus control. The main metabolic pathways related to CRC included glycolysis (lactic acid), serine metabolism (serine) and tricarboxylic acid (TCA) cycle (succinate, citric acid and malic acid). The levels of valine and isoleucine were lower in advanced stage than in early CRC group.
Gastric cancer (GasC) remains the second leading cause of cancer death in the world. Chen [85] analyzed human urine in a metabolic profiling study with 26 GasC patients. Lactic acid, Arg, Leu, Ile and Val were significantly higher in the GasC group compared with the controls, while citric acid, His, Met, Ser, aspartate, malic acid and succinate were remarkably lower. Moreover, the levels of Val and Ile were lower in advanced stage GasC patients compared with early-stage patients.
Hirayama et al. [36] analyzed tumor and surrounding grossly normal-appearing tissues obtained from 16 colon and 12 stomach cancer patients after surgical treatment. Ninety-four compounds in colon and 95 compounds in stomach samples were identified and quantified with standards. Glycolytic intermediates, amino acids, some TCA and urea cycle intermediates, and nucleosides were higher in tumor tissues compared future science group Capillary electrophoresis MS as a tool for untargeted metabolomics Review with their normal counterparts mainly in colon tumors, while glucose and nucleoside triphosphates, were lower in tumor. Besides that, Ibañez [63] analyzed metabolites in cancer colon cells for unveiling the effect of dietary polyphenols. They found 212 compounds that showed statistically significant variations.
Miscellaneous cancer in humans
Kami et al. [104] in a parallel study compared tumor and surrounding tissues from nine lung and seven prostate cancer patients without medication. The metabolomic fingerprints of lung and prostate tissues not only distinguished tumor from normal tissues through 114 and 86 metabolites, respectively, but also some metabolites, mainly branched chain amino acids, were significantly increased in tumor tissues, independent of the organ type.
Sugimoto [67] conducted a comprehensive metabolite study with human saliva from patients with oral, breast and pancreatic cancer. A total of 215 individuals (69 oral, 18 pancreatic and 30 breast cancer patients, 11 periodontal disease patients and 87 healthy controls) were enrolled. Twenty-eight metabolites were found significant between oral cancer and healthy controls, 28 metabolites for breast cancer, 48 for pancreatic cancer and 27 for periodontal disease.
Yu et al. [103] analyzed human urine from breast cancer patients (n = 21) before and after chemotherapy and healthy volunteers (n = 25). The patients were divided into two groups, chemotherapy-sensitive patients (n = 8) and chemotherapy-insensitive patients (n = 13). For chemotherapy-sensitive patients: the levels of glycine, cysteine, histidine, cystine and tryptophan showed significant decrease after chemotherapy (cysteine, histidine, cystine and tryptophan almost reached to normal people levels), while, in chemotherapy-insensitive patients, succinate increased while the level of creatine decreased significantly.
Cancer cell lines under treatment
Uetaki et al. [71] performed a metabolic profiling with human breast mammary gland adenocarcinoma MCF7 and human colon colorectal adenocarcinoma (HT29) cells to study vitamin C induced oxidative stress and they found in both cell lines increased levels of upstream metabolites in the glycolysis pathway and TCA cycle following treatment with vitamin C, while adenosine triphosphate (ATP) levels and adenylate energy charges were decreased concentration dependently.
Qin et al. [69] studied the mechanism of activity of acyclic retinoid (ACR), a promising chemopreventive agent for hepatocellular carcinoma (HCC) that selectively inhibits the growth of HCC cells (JHH7) but not normal hepatic cells (Hc). Both NMR-based and CE-TOF-MS-based metabolome analyses were performed in JHH7 and Hc cells after treatment with ACR. CE-TOF-MS analysis found 71 metabolites statistically different in JHH7 with respect to Hc cells after 24 h of treatment with ethanol (EtOH) or ACR and 49 of these metabolites were significantly downregulated in the ACR-treated JHH7 cells. According to the authors 'of particular interest, the increase in ATP, the main cellular energy source that was observed in the EtOH-treated control JHH7 cells was almost completely suppressed in the ACR-treated JHH7 cells. Treatment with ACR restored ATP to the basal levels observed in both EtOH-control and ACR-treated Hc cells.'
Data analysis
MS-based metabolomics has already proved to be a powerful tool providing a large amount of very complex information. This complexity is resulting not only from a great number of metabolites measured but also from the fact that the majority of molecules are represented in the spectrum by several ions. These multisignals, called in the literature metabolic features [109] + ). Nowadays also in-source fragmentation is considered as a significant source of additional signals appearing in CE-MS data [110] .
Feature finding is one of the most crucial points in the entire metabolomics process affecting the success of the study; therefore it should be performed with appropriate attention. Since CE-MS data are very similar to the LC-MS and therefore often the same tools can be used to reprocess both types of data, only specific considerations will be discussed. It is important to remember that some tools, although suitable for CE data, have to be used carefully because algorithms used for peak fitting were developed for LC purposes and some scores have to be adjusted due to the slightly different shape of the CE peaks in comparison to the LC signals and their width. Ideally, during data reprocessing process all mentioned multisignals should be found and represented as one metabolite. It can be performed either merging all co-eluting related signals (as in case of MassHunter) (e.g. [53, 54] ) or removing redundant signals and keeping only the most abundant one, which usually corresponds to the [M+H] + (as in case of MasterHands) (e.g. [111, 112] ). MasterHands software offers the possibility to remove fragment ions from the spectra but only those which are already known and listed in the library [57, 96] . Although in-source fragmentation is already used for identification purposes still it future science group Review García, Godzien, Lopez-Gonzalves & Barbas requires a systematic solution during data reprocessing, otherwise reprocessed datasets contain beside real signals a great number of artifacts due to fragments.
Once features are created, their alignment has to be performed. This is more problematic for CE data due to the relatively high migration time (MT) shift. For this reason a lot of attention should be paid to ensure correct compound alignment. The most popular and at the same time successful alignment strategy for CE-MS data are dynamic time warping (e.g., [36, 81, 111] ). Dynamic time warping finds the corresponding (matched) features among different samples to produce wrapping functions. This method is widely applied under many modifications, for example, Ordered Bijective Interpolated Warping algorithm in XCMS Metabolomic platform (Scripps Research Institute, CA, USA) [63] or reference peak warping function in MsXelerator [40] .
To perform alignment a correct window for the MT and mass has to be set to ensure that all signals corresponding to the same molecule across multisamples will fit the set window, but at the same time avoiding the possibility of miss-alignment due to too wide window. This seems to be obvious or even trivial but it is not considering the fact that the peaks with faster EM tend to have smaller MT shift than peaks with slower EM, especially those close to the neutral molecules [112] . To minimize this problem MT correction can be performed prior to the actual alignment. Such functionality is available in MassProfilerProfessional software (Agilent Technologies, CA, USA) [41] . The most sensible solution is to use a series of reference molecules (either standards or known metabolites) allocated in different parts of electropherograms which can be used to adjust MT. Visualization of aligned datasets to inspect the quality of feature assignment is very practical. Such option together with the possibility for manual peak re-integration is available in MassHunterProfinder software (Agilent Technologies) [113] .
Another strategy to deal with the irregular shift of the MT is alignment using accurate mass information proposed by Nevdomska et al. [114] . It is a platformindependent and open-source algorithm operating on data in the mzXML format called msalign2. This method uses a genetic algorithm and breakpoints of the piece-wise function. The strategy was tested on the real CE-MS dataset reducing MT variation from 5.6-6.5% before alignment to just 0.12-0.99% after it. The performance of this strategy was also compared with the XCMS showing higher effectiveness, aligning successfully all dataset. Figure 7B illustrates the numerical proportion expressed in percentage of different software used for the data reprocessing in global metabolomics studies. As can be easily noticed although the list of applied tools is quite long, the chart is dominated by three options: MassHunter and MPP software (Agilent Technologies) (29%) [15, 18, 22, 55, 82, 88] and MasterHands from KEIO University (19%) [57, 96] . Unfortunately the second highest score belongs to the category of 'no details' where no information about data reprocessing was published. In some individual cases MassHunter and Molecular Feature Extraction (MFE) were used for feature finding of molecular formula generation (see section titled Identification) but alignment was performed using other software such as XCMS Metabolomic Platform [36, 115] or Human Metabolome Technologies, Inc. (HMT) metabolomics software and in-house developed peak a lignment software [42] .
The second most frequently selected software is MasterHands from KEIO University (e.g. [45, 46, 64] . This software is under current development and its functionalities are still improving. Its indisputable advantage is related to the possibility incorporate automated annotation with putative metabolites from the HMT metabolite database based on their MTs and m/z values as determined by TOF-MS [94, 96, 100] . Another advantage of MassHands arises from the fact that it was developed for the processing of CE-MS data. Therefore, in contrast to other software, all algorithms and selected parameters were adjusted considering the shape and properties of CE-MS derived data.
The next group constitutes of in-house developed algorithms (6%) used either in Matlab [90, 101] or R [63] environments. They are followed by XCMS which somehow is related to the previous group. It is an open source tool launched in the R programming language. This tool reads, for example, mzXML [28] or netCDF [32, 65] format which can be generated from acquired data using, for example, Compass Export (Bruker Daltonics, MA, USA). Then a typical data reprocessing is performed including peak detection employing CentWave algorithm, feature creations and alignment with nonlinear retention time correction, using, for example, the Ordered Bijective Interpolated Warping algorithm [65] . Although statistical data treatment is not discussed within this manuscript it is worth to mention that this tool can be also used for data normalization, visualization, relative quantization and statistics [3] . The fact that XCMS is run in R makes it easily adjustable for particular purposes and needs. Some tools such as Mzmine [65] , MSXelerator from MsMetrix (Maarssen) [40] , Quant Analysis [78] were used only in single publication therefore they will be not discussed. Capillary electrophoresis MS as a tool for untargeted metabolomics Review
Identification
The large number of measured metabolites, being the greatest advantage of nontargeted analysis, turns into its biggest bottleneck because of metabolite identification. Identification is challenging due to the character of measured compounds: the range of molecules considered as metabolites (host metabolome, nutribiome, xenobiome, gut microbiota, etc.), their chemical differentiation and internal diversity (isomers, isobars, etc.). Although there are some tools designed for metabolite identification still final confirmation of identifier (ID) requires a large knowledge and experience from the researcher and here CE-MS is not very different to LC-MS except on the fact that QTOF coupling, with the corresponding MS/MS capabilities, is much rarer in the first. To unify the nomenclature and introduce some basic categorization in metabolites identification, The Chemical Analysis Working Group of the Metabolomics Society Initiative (MSI) has defined four different levels of metabolite identification confidence [4] :
confidently identified compounds: comparison of at least two orthogonal properties with an authentic standard analyzed under identical analytical conditions; putatively annotated compounds: based upon physicochemical properties and/or spectral similarity with spectral libraries without reference to authentic standard; putatively annotated compound classes: based upon characteristic physicochemical properties of a chemical class of compound or by spectral similarity to known compounds of a chemical class and unknown compounds: although unidentified and unclassified these metabolites can still be differentiated and quantified based upon spectral data. The lowest level of confidence gives identification based only on accurate mass and isotopic distribution. This type of metabolites annotation constitute relatively small part between identification methods used for CE-MS (∼12%) ( Figure 7B ) [14, 16, 17, 27, 40, 55, 79, 82, 90, 97] . Selected signals (either all reproducible signals or only statistically significant ones) are searched against data-future science group Review García, Godzien, Lopez-Gonzalves & Barbas bases with certain mass accuracy which usually oscillates between 5 and 20 ppm. Mass matching can be performed using house-built libraries, commercial or free databases. Commercial databases are usually vendor related therefore they are useful mostly for users of a particular brand. Free databases are available through web platforms and contain a large and still increasing number of metabolites (e.g., [44, 58, 62, 78, 80] ). The most useful for CE-MS derived data database are: Human Metabolome Database (www.hmdb.ca) [23, 89] , Metlin (https://metlin.scripps.edu/), Kyoto Encyclopedia of Genes and Genomes (KEGG) (www.genome.jp/ kegg/) [35, 44] and HMT database (www.humanmetabolome.com/kit/sera/) [76, 94] . Currently the Human Metabolome Database and KEGG can be searched in batch mode through the CEU Mass Mediator platform [16, 35] .
Mass accuracy search is often supported by the isotopic pattern distribution to confirm or reject a particular molecular formula [41, 66] . For this purpose the theoretical isotopic distribution is compared with the experimental one considering m/z of each isotope as well as their abundance. Theoretical distribution is calculated using several tools. One of them is Molecular Formula Generator in MassHunter Qualitative Analysis Software from Agilent Technologies [55] . Similar functionalities are available in DataAnalysis software package from Bruker Daltonics [89] .
Although using high accuracy mass spectrometers such as TOF the number of possible identifiers can be significantly reduced (e.g., hydroxy-proline m/z 132.0654, creatine m/z 132.0766 and leucine/isoleucine m/z 132.1018) still isobaric and isomeric compounds cannot be distinguished (e.g., leucine/isoleucine m/z 132.1018). Furthermore, in many cases identification is complicated due to the in-source fragmentation Since fragments produced from bigger molecules very often have the same m/z as the m/z of smaller compounds, for example, ornithine (m/z 133.0972) gives a fragment of m/z 116.0706 while proline and acetamidopropanal have exactly the same m/z. As all mentioned metabolites can appear in the biofluid it results in three signals of m/z 116.0706 present in the data. This situation can be even more complicated considering the fact that other molecules such as methylthreonine or hydroxynorvaline can produce a signal of m/z 116.0706 through single water loss. All these examples are quoted to illustrate the weakness of metabolite annotations based only on accurate mass, which obviously can lead to very easy misidentification.
Following this official stratification of confidence in metabolite identification for CE-MS based metabolomics studies it can be concluded that in most cases (over 70%) metabolites of interest are properly i dentified using authentic standards to compare their m/z, isotopic distribution and MT.
For identification purpose some tools give the possibility to search using mass and MT simultaneously, for example, HMT metabolite database (www.humanmetabolome.com/kit/sera/) (e.g. [72, 73] ).
The highest level of confidence in the identification is achieved when comparing m/z and MT of metabolite and standard but also spiking the biological sample with the standard and comparing the area of the peaks before and after spiking (e.g. [19, 54, 63] . This is particularly important in the case of isomeric metabolites where different isoforms reveal different biological properties. Spiking the sample it is even possible to determine if a particular peak (EIC) corresponds to just a single molecule or it is a composite amount of two isomeric metabolites [110] . Although within global distribution this method was applied in only approximately 12% of cases (considering only the usage of standards this percentage rise up to 22%) (Figure 7) , it is placed in the second position just after separate injection of standards.
MT gives very valuable information of the properties of the molecule therefore it is especially important parameter for identification purposes. Knowing exactly the analytical conditions (especially pH of the buffer) and pK a of molecule it is possible to predict or even determine the MT of a particular molecule. This strategy is commonly used for CE-MS data either through individual inspection of each compound and its ID candidates [41] or using automated tools [111, 117] . Such automated tool was developed by Sugimoto et al. using Artificial Neural Networks to predict MT from the structure of the molecule. Input values used in this tool are net charge, pK a and Molecular Operating Environment descriptors, while an output value is relative migration time, where predicted MT is normalized using migration time of methionine sulfone. This methodology was validated on 241 cationic compounds giving correlation coefficient of 0.931 between real and predicted MT. Applying this tool for identification of all metabolites listed in KEGG in 78% of cases the correct compound was among top three candidates.
Another algorithm used for the prediction of the MT is support vector regression, which was proposed for the prediction of metabolites identity in compilation with accurate mass and isotopic pattern distribution [111] . Variables needed for the prediction are molecular descriptors and net charge where the first one are calculated using Molecular Operating Environment (Chemical Computing Group, Canada) and the second are computed based on the pK a and the buffer pH. First, a predictive model was developed using future science group Capillary electrophoresis MS as a tool for untargeted metabolomics Review 375 cationic molecules achieving a correlation of 0.952 between experimental and predicted MT. Using this model MT was predicted for almost 3000 metabolites from public databases. Moreover application of this tool for real data acquired for urine samples allowed increasing the percentage of annotated compounds from 38.9 to 52.2%.
Another interesting method is computational simulation of the EM [118] through software Simul which uses physicochemical properties of metabolites like absolute mobility and pK a to predict the behavior of analyte electromigration. Estimation of absolute mobility is calculated based on a Hubbard-Onsanger model using molecular volume and intrinsic valence charge. Comparison of predicted and experimental relative migration time of several metabolites gave an average relative error under 2%. The main concern about this methodology arises from the fact that the shape of the peak for measuring EOF is not always clear due to high comigration.
It is important to mention that to make MT information even more useful often relative MT is used instead of its absolute value (e.g., [64, 69, 73] ). Usually it is done by comparison of MT for particular metabolite to the MT of standard(s). In such way either intra-or inter batch MT variability can be minimized and ID matching can be performed with significantly higher level of confidence.
Even though MT is very useful for identification purposes still is not solving the problems related to the annotation of isobaric or very similar molecules. To minimize this problem structural elucidation can be useful, however MS/MS can be performed using only particular mass analyzers. QTOF, QTRAP or ion trap was employed in several studies for identification of differentiating metabolites [98, 99, 102] . In several studies the biological experiment was performed in scan mode using TOF analyzer while identifiers confirmation was performed through MS/MS analysis employing Qq-TOF (e.g., the single-stage TOF mass spectrometer (e.g., Bruker Daltonics, micrOTOF ESI-TOF-MS and Bruker Daltonics, maXis ESI-Qq-TOF-MS/ MS series) [61, 62, 83] . Fragmentation pattern obtained through MS/MS analysis was compared with the spectra available in databases such as Metlin or in the literature or standards when available.
In the majority of CE-metabolomics studies TOF analyzer is employed making MS/MS analysis impossible to perform. To overcome this serious limitation a new solution was found, proposing the usage of insource fragmentation for product ions formation [110] . Enhanced fragmentor voltage causes noticeable fragments production providing information about the structure of molecules. To assign product ions to their precursors correlation analysis can be applied assuming that strong positive correlation (over 0.9) can be taken as an analytical correlation indicating the same origin of correlating signals. This novel usage of in-source fragmentation and correlation analysis was tested on different levels of sample complexity (single standard, co-eluting standards and plasma sample) proving its utility even for very complex biological matrixes such as plasma. Although this strategy is not classified as a first level of confidence it provides additional evidence about the structure of the molecule and can be successfully applied to minimize the number of possible candidates and to purchase authentic standards. Another important application of this strategy is semiquantification of isobaric molecules differ in at least one product ion. This approach was tested based on leucine and isoleucine which are very difficult to resolve and usually comigrating. Very similar structure of molecules results in very similar fragmentation pattern however there is one fragment that is produced for isoleucine but not for leucine (m/z 69.0704). It was proven that knowing the proportion between precursor ion of isoleucine and its product ion a relative amount of isoleucine and leucine can be calculated even without a proper electrophoretic separation.
On the other hand this phenomenon can be a source of problems, causing unwanted in source fragmentation and significantly affecting identification. Molecules measured by means of electrophoresis are small polar and ionic compounds which in most cases are very fragile and relatively labile. Therefore even applying very gentle conditions and using a soft ionization source such as electrospray the fragmentation occurs [110] . Fragments produced from bigger molecules very often have the same m/z as the m/z of smaller compounds. Therefore, limiting identification to accurate mass assignment leads to miss assignments and to wrong conclusions.
Conclusion
This review describes the most relevant characteristics of the published CE-MS based untargeted metabolomic studies including details about methods, instrumentation, applications, data reprocessing and findings. In a global approach, hundreds of hydrophilic compounds can be analyzed in biological samples with this technique after minimum sample treatment. Limited sensitivity is the main drawback mainly for anionic compounds.
Its capability to detect in particular secondary metabolites and in general ionic and polar ones has proved in many studies its complementarity with other separation techniques to provide a broader metabolite coverage necessary for a true untargeted approach. The future science group Review García, Godzien, Lopez-Gonzalves & Barbas corresponding findings have unveiled new markers, mechanisms of action or resistance, etc., in parasitic diseases, cancer, diabetes or neurological disorders, among others.
Future perspective
Technical developments in CE-MS would approach the fact that despite the low sample volume that is consumed (in the nanoliter range), the volume of sample that is necessary to introduce the electrode and the injection end of the capillary is not that low (in the microliters ranges) and that requires dilution of small sample volumes with the corresponding loss of sensitivity. In the same way optimization of robust sheathless interfaces will improve low abundant metabolite detection, while coated capillaries with different functionalities can expand metabolite coverage.
Regarding applications, the increasing role of gut microbiota on health has highlighted the fact that endogenous chiral metabolites (amino acids, hydroxyl acids or bile acids among others) are still a world to uncover where CE for sure can contribute, although chiral selectors compatible with MS are still a challenge.
Last, but not least, omics data integration and interpretation first among different metabolomics platforms (GC-MS, LC-MS or NMR) and then with other omics techniques (genomics or proteomics) is one the bioinformatics challenges in untargeted metabolomics. No writing assistance was utilized in the production of this manuscript.
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Executive summary
• CE-MS is a mature technique for untargeted metabolomics increasing metabolite coverage of polar and ionic compounds.
• All types of body fluids, tissues and cells can be analyzed with minor sample treatment, just extraction in the case of solid samples and protein elimination to avoid capillary clogging, because capillaries are rinsed after each run and apparently no irreversible retention is produced. However, when using uncoated fused silica capillaries, some modifications of their surface occurs (and, by that, fluctuations of electroosmotic flow) that cannot be avoided, especially, when analyzing complex mixtures. • Separation conditions permit applying different polarities not only regarding MS, but also CE. By far the regimes preferred by the authors are the following: • For positively charged compounds: normal polarity and MS positive ionization.
• For negatively charged compounds reverse polarity and MS negative ionization.
• For nucleotides: normal polarity and MS negative ionization.
• Applications are not limited to but include studies of most common diseases such as diabetes, cancer, kidney diseases and neurodegenerative diseases.
• Data treatment does not differ much from LC-MS untargeted metabolomics, although the parameters should be adjusted to consider higher variability in migration time and different peak shapes.
• Identification of compounds is a bottleneck mainly considering that the most commonly used analyzer is TOF without MS/MS capabilities. In source fragmentation is one of the new proposals to progress in that area.
